This paper presents a method for the determination of phenylephrine hydrochloride in pharmaceuticals by spectrophotometric flow injection analysis exploiting the reaction with potassium ferricyanide and 4-aminoantipyrine, which leads to the formation of a condensation product with strong absorptivity at 500 nm. The linear dynamic range was between 0.95 and 9 mg/L, with a limit of detection of 0.2 mg/L and a sampling throughput of 120 samples per hour. The method was applied to eyewashes and nasal decongestant liquid medicines.
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T he pharmaceutical industry requires rigorous quality control for the continuously growing production of a wide variety of medicines. This requirement increases the demand for fast and robust analytical methodologies, a field in which flow injection analysis (FIA) is playing a major role because of its inherent high sampling throughput, high precision, and low consumption of often-expensive reagents (1) (2) (3) .
Phenylephrine hydrochloride (4-7) is a crystalline white or pale yellow salt that is fairly soluble in water; it is present in the formulations of several vasopressor medicines, in eyewashes, in medicines for relief of congestion, and in syrups.
The colorimetric method recommended by AOAC INTER-NATIONAL for determination of phenylephrine hydrochloride (8, 9 ) is based on a reaction discovered by Emerson (10, 11) and was first applied to phenylephrine by Hiskey and Levin (12) . The analyte is oxidized by potassium ferricyanide, and the oxidation products react with 4-aminoantipyrine in borate or hydrogen carbonate solution, forming a condensation product, antipyrine phenylephrine (10) (11) (12) , with strong molar absorptivity at 500 nm. The reaction is time dependent, and the methodology recommends the measurement of absorbance immediately after the reagents are mixed, or 1/2 h after mixing (12) . This kind of manual procedure is subject to errors because of lack of precise time control. An automated method with air-segmented continuous flow, based on the same chemical reactions, was also proposed by AOAC as an official method for determination of phenylephrine hydrochloride in medicines.
FIA, proposed by Ruzicka and Hansen (13) in the mid-70s, is now a well-established methodology for mechanization or automation of chemical analysis and other laboratory procedures (14, 15) . Precise mixing of reagents and sample, as well as precise control of reaction time, leads to high reproducibility of the results. Despite the large number of publications that have appeared in the literature dealing with FIA of pharmaceuticals (1), only a few papers report the determination of phenylephrine hydrochloride (16) (17) (18) . In a recent paper, Fuster Mestre et al. (18) describe a flow injection method that exploits the chemiluminescence of the product resulting from oxidation of phenylephrine hydrochloride by KMnO 4 in a strongly acidic medium. The reaction coils have to be warmed at 80°C, and the analyte is detected in a flow cell specifically designed for chemiluminescence measurements. The reported sampling throughput was 134 samples per hour, and the detection limit was 0.03 mg/L (18) . This paper describes the mechanization of the colorimetric method recommended by AOAC for determination of phenylephrine hydrochloride in liquid medicines by the flow injection approach by using a very simple flow manifold coupled to a standard spectrophotometer.
Experimental

Apparatus
Flow injection system.- Figure 1 shows the flow diagram used in the experiments. The system consisted of 2 flow channels driven by an Alitea C8/2-XV (Medina, WA) peristaltic pump fitted with Tygon pump tubing and providing a total flow rate of 5.4 mL/min. All other tubing was made of polytetrafluoroethylene (PTFE) with 0.8 mm id. Sample injection was made with an injector-commutator (19) and a 100 µL sampling loop. A Micronal B382 (São Paulo, Brazil) detector was used with a Hellma quartz flow cell with 10 mm light pathlength and 80 µL internal volume. The wavelength was set at 500 nm, and the FIA readouts were made with a potentiometric Micronal B 282 recorder.
Reagents
All reagents used were analytical grade from Merck (Rio de Janeiro, Brazil) or Sigma-Aldrich (São Paulo, Brazil).
(a) Solutions of potassium ferricyanide (0.1%, w/v) and 4-aminoantipyrine (0.025%, w/v).-Prepared in 0.01M NaHCO 3 by using deionized water.
(b) Working solutions of phenylephrine hydrochloride.-Prepared by appropriate dilution of a 1404 mg/L stock solution in 0.01M NaHCO 3 .
Procedure
As shown in Figure 1 , the solutions of potassium ferricyanide and 4-aminoantipyrine are pumped through 2 separate flow channels. These solutions are mixed in a confluence point just before the injection valve, fitted with a 100 µL sampling loop. The flow rate for each flow channel was 45 µL/s, and the reaction coil was 50 cm long.
Because the samples discussed in this paper were liquid, dilution in 0.01M NaHCO 3 was the only sample preparation. The same samples were analyzed by the batch colorimetric method of AOAC INTERNATIONAL, described elsewhere (8, 9) .
Results and Discussion
Mixing 4-aminoantipyrine reagent with the oxidation products of the reaction between potassium ferricyanide and phenylephrine hydrochloride results in a strong red solution. Because this coloration changes to orange and yellow after 30 min of reaction, the spectrophotometric reading must be made immediately after the samples and reagents are mixed, or ≤30 min after the reaction is initiated (8, 9) .
For optimization of the flow manifold, the influence of injected sample volume, reaction coil length, and flow rate on the analytical signal was studied by using a 6 mg/L phenylephrine hydrochloride standard. The sample volume determines the amount of product that can be formed in the flow system, whereas the flow rate and the length of the reaction coil define the residence time of the sample inside the system (reaction time).
Results of this study appear in Figure 2 , which shows that the analytical signal, read at peak maximum, is mainly influenced by the sample volume. The influence of the sample volume was studied by using a reaction coil of 50 cm and a flow rate of 90 µL/s (20% of the maximum rotation of the peristaltic pump). The maximum peak height increased significantly with an increase in sample volume from 25 to 100 µL, but a further increase to 200 µL did not lead to a significant increase in peak height, a fact that may be explained by the geometry of the flow diagram shown in Figure 1 . After the confluence point, the system works as a single-channel manifold, so that the large sample volume may reach the detector before being completely mixed with the reagents. As a consequence, it is possible that the reagents are not present at the expected stoichiometric excess in the core of the sample zone, and this limits the amount of the reaction product formed. To work with large sample volumes, one should increase the concentration of reagents, or redesign the flow diagram, injecting the sample into an inert carrier stream that merges with the reagent stream (20, 21) . Further experiments were performed in which a sample volume of 100 µL and a single-line configuration after the mixture of reagents ( Figure 1) were used, keeping the manifold as simple (and robust) as possible.
The influence of the residence time of the sample zone in the system was studied by modifying flow rate and reaction coil length. Figure 2 shows that for a sample volume of 100 µL and a flow rate of 90 µL/s, an increase in reaction coil length from 50 to 200 cm caused a systematic decrease in maximum peak height for coils longer than 100 cm. This systematic decrease is due to the increased dispersion of sample and reaction products inside the system, which can offset the gain in signal that could result from the increased residence time. Because longer reaction coils decreased the sensitivity and the sampling throughput, further experiments were performed with the 50 cm coil.
The influence of flow rate was studied by using a sample volume of 100 µL and the 50 cm reaction coil. The maximum signal was observed at 90 µL/s, and this flow rate was used in the methodology, because larger flow rates would cause a sig- nificant increase in consumption of reagents, despite the increased sampling throughput. The increase in residence time was studied by stopping the flow when the reaction zone reached the detector. This experiment demonstrated that product formation continues, which is evidenced by the increase in absorbance. As a consequence, the sensitivity of the flow method can still be improved significantly by exploiting the stopped-flow technique, which may be useful for monitoring the phenylephrine hydrochloride in biological fluids. Because in the present work the method was applied to concentrated samples of eyewashes and decongestants, which needed extensive dilution to be appropriate for injection in the flow system, the stopped-flow time was not studied further. Figure 3 shows the FIA readouts for phenylephrine hydrochloride in the concentration range between 0.95 and 9.0 mg/L, for which the calibration graph fitted the linear equation A 500 = (-0.0080 ± 0.0002) + (0.09344 ± 0.00004)C with R 2 = 0.9998, where A 500 is the absorbance at 500 nm and C is the concentration of phenylephrine hydrochloride in mg/L. A sequence of 33 injections of a 6 mg/L solution of phenylephrine hydrochloride resulted in a standard deviation of 1.33% of the absorbance at the maximum peak height. The limit of detection was calculated as 3 times the standard deviation of the linear coefficient of the calibration graph (22) , resulting in a value of 0.2 mg/L. The limit of quantitation, calculated as 10 times the standard deviation of the linear coefficient, resulted in a concentration of 0.7 mg/L. Also from the readouts of Figure 3 , one can estimate an analytical throughput of 120 samples per hour, with a consumption of 1.35 mL of each reagent per sample analyzed.
Method Performance
Analysis of Pharmaceuticals
Liquid eyewashes and nasal decongestant medicines with nominal concentrations of phenylephrine hydrochloride between 1 and 100 mg/mL (Table 1) were analyzed by the proposed FIA method and by the AOAC Official Method (8, 9) . In the FIA method, samples were analyzed without any other treatment besides dilution in 0.01M NaHCO 3 . Table 1 shows that differences between the results obtained by the 2 methods are <6%. The results obtained by FIA are systematically higher than those obtained by the batch AOAC method, a fact that may result from the differences in the reaction times used in both methodologies.
Conclusions
The major advantages of the proposed FIA method in comparison with the official method are the high sampling throughput and the low consumption of reagent. The FIA method provides a sampling frequency of 120 analyses per hour, whereas the batch method requires a time delay of 30 min of equilibra- .95, (B) 3.0, (C) 5.0, (D) 7.0, and (E) 9.0. tion for each sample before the absorbance measurement, or immediate measurements, which can lead to inaccurate results because of the lack of precision in time control.
The concentration of the 4-aminoantipyrine reagent used in the proposed methodology is about 20 times more diluted than that recommended by the AOAC Official Method; this results in a significant saving in reagent and minimizes the amount of toxic residues generated per analysis.
An additional advantage of the proposed method is the simplicity of its flow diagram, once the system works at room temperature with a standard photometer, which is widely available in quality control laboratories and can fit low-cost homemade flow cells (23) . As a consequence, the implementation cost of this method is very low, which is an important factor for laboratories located in developing countries. 
